The purpose of the present work is to study the effect of an imperfect interface on the fracture behavior of a layered piezoelectric sensor. For mathematical convenience, the problem is investigated under mode III-a simple case in fracture mechanics. Fracture analysis is performed by the methods of Fourier integral transform and Cauchy singular integral equation. Parametric studies on the numerical results of energy release rate reveal the crack tip shielding and anti-shielding effects of the imperfect interface. When the inclined angle of crack is less than 0.1p, the imperfect interface may shield the crack, however, when it is larger than 0.2p, the crack may be anti-shielded. If the distance between a crack tip and the imperfect interface is less than two times of the crack length, the shielding or anti-shielding effect is remarkable, and otherwise it is negligible. Finally, the crack tip shielding and anti-shielding effects of the mechanical imperfection are generally more remarkable than those of the dielectric imperfection.
Introduction
Piezoelectric sensors are a kind of smart electromechanical devices that generate sensing by converting mechanical responses to electric signals. They have proven to be versatile tools for technical measurements and process controls in nearly all modern industries. The most widely used kernel materials in piezoelectric sensors are lead zirconate titanate ceramics, also known as PZT, an abbreviation of its chemical formula. To gain advanced performance, PZT sensors are generally made as layered structures, e.g., a sensor may be simply composed of a PZT layer and an elastic substrate bonded together by a thin interphase of epoxyn. Two kinds of typical problems sometimes arise in engineering applications under some harsh in-situ conditions. One is the fracture of piezoelectric layer due to its intrinsic brittleness, and the other is the damage of the interphase.
In fracture analysis of piezoelectric ceramics, two problems are of significance. One is the assumption of electric boundary condition on crack surfaces and the other is the choice of fracture criterion. For the former problem, there are two completely opposite opinions (Wang and Yu, 2000) . Some researchers (e.g., Zhou and Wang, 2004) believe that crack surfaces are electrically permeable because they are in contact when loaded by anti-plane static shear. However, some other researchers (e.g., Wang and Mai, 2004) argue that crack surfaces are electrically impermeable even for anti-plane cracks. On one hand, it is because that a flaw in engineering materials is always a notch of finite thickness rather than a slit crack (Wang and Mai, 2004) . On the other hand, it is because that the permeable assumption will give rise to the independence of fracture behavior on electric loading, which is contrary to experimental results (Wang and Yu, 2000) . As for the latter problem, there are several different fracture criteria including the intensity factors, the total energy release rate, the mechanical strain energy release rate and the energy density factor.
Because the interphase is thin, it is always simplified in mechanical analysis as an idealized interface with no thickness. Under harsh conditions, the interphase might be damaged mechanically and/or electrically. In existing literatures, the spring-type model is always used to simulate the electromechanical damage of an interface. Many researchers have used such a model to study various problems of piezoelectric structures, For example, the vibration of a piezoelectric laminated cylinder (Paul and Nelson, 1996) , the bending of angle-ply piezoelectric laminates Lee, 2004, 2005) , the uniform tension of a piezoelectric fiber composite (Shodja et al., 2006) , the elastic waves in bonded piezoelectric materials (Fan et al., 2006; , the piezoelectric screw dislocations interacting with an imperfect interface (Wang and Sudak, 2007; Jin and Fang, 2008) , and so on.
For a cracked piezoelectric sensor, the effect of the imperfect interface on the crack is a problem of practical significance. Up till now, investigations on such a problem have not been reported in existing literatures, to the best of our knowledge. The present work aims at studying the effect of a piezoelectric imperfect interface on an inclined crack. The crack problem is solved by the standard methods of Fourier integral transform and Cauchy singular integral equation. The total energy release rate and the mechanical strain energy release rate are chosen as fracture parameters, and the crack tip shielding and anti-shielding effects of the imperfect interface are revealed by parametric studies on the numerical results of energy release rate. Fig. 1 is a piezoelectric sensor with a crack inclined at an angle h to its interface. The kernel component of the sensor is a piezoelectric strip bonded to an elastic substrate. It is assumed that the interface is damaged electrically and mechanically, which is modeled by the spring-type relation as follows Wang and Sudak, 2007; The assumption of permeable crack will give rise to the physically unacceptable independency of fracture behavior on electric loading (Wang and Yu, 2000) . Therefore, it is assumed that the crack surfaces are electrically impermeable in the present work. The boundary and continuity conditions are T . h p and h e are the thickness of the piezoelectric strip and elastic substrate, respectively. a and b are the coordinates of the two crack tips along the x 1 axis.
Problem formulation

Illustrated in
s ye ðx; Àh e Þ ¼ 0ð5Þs yp ðx; h p Þ ¼ 0ð6Þs y 1 p ðx 1 ; 0 þ Þ ¼ s y 1 p ðx 1 ; 0 À Þ; x 1 2 ð0; h p csc hÞ ð 7Þ w p ðx 1 ; 0 þ Þ ¼ w p ðx 1 ; 0 À Þ;
Fracture analysis
For general piezoelectric ceramics and elastic materials, the coefficient matrices M j (j = p, e) are invertible. Therefore, w j (j = p, e) are harmonic functions (Lee et al., 2000; Li and Lee, 2008a) . The solution of w e for the elastic substrate, satisfying the boundary conditions in Eq. (5), takes the form
A e e jnjy þ e
where A e ¼ A e1 ðnÞ A e2 ðnÞ ½ T .
According to the principle of superposition, the solution of w p for the piezoelectric strip can be regarded as the superposition of two subproblems (Shbeeb et al., 2000; Choi, 2001 Choi, , 2002 Choi, , 2006 Choi, , 2007 Delale, 2004, 2005; Li and Lee, 2008b) : (I) a piezoelectric strip is un-cracked; (II) a piezoelectric plane is cracked with the crack inclined to axis x, and w p vanishes at the infinity of x 
where
Then, the solution of w p in xoy can be expressed as w p ðx; yÞ ¼ 1 2p 
Next, the method of singular integral equation is employed to solve the crack problem. For this reason, two auxiliary functions are introduced (Li et al., 2006; Li and Lee, 2008c) 
x 1 2 ða; bÞ ð 18Þ
It follows from Eqs. (3), (4), (7), (15) and (18) that
Substituting Eq. (14) into Eq. (3) yields s yp (x,y), and then the following relations can be obtained from Eq. (6)
where Q 1 (t,n) is a known function given in Appendix. Eqs. (1) and (2) can be transformed into a system of algebraic equations by using Eqs. (3), (10), (14), (19) and (20) 
where I is an unit matrix. Q j (t,n)(j = 2, 3) are known functions given in Appendix. Solving Eq. (21) gives 
and a 0 is the half length of crack. R(x 1 ) and Q 8 (t,x 1 ) are known functions given in Appendix. According to the Lobatto-Chebyshev collocation method (Erdogan and Gupta, 1972), Eq. (23) can be solved numerically by expandinggðtÞ as truncated Chebyshev series
where S j ¼ ½ S 1j S 2j T (j = 1, 2,. . . , n) are unknown coefficients, and T j ðtÞ (j = 1, 2,. . ., n) are the first kind of Chebyshev polynomials. Using Eq. (27) and the property of Chebyshev polynomials, one can finally transform Eqs. (23) and (17) 
wheret r (r = 1, 2,. . ., n) andx q (q = 1, 2,. . ., n À 1) are given in Appendix.
Based on the numerical solutions of Eq. (28), the intensity factors of the crack tip fields can be further determined, which are defined as (Li and Lee, 2008d) K s ðaÞ ¼ lim
K s ðbÞ ¼ lim
K c ðbÞ ¼ lim
and K D are the stress intensity factor and electric displacement intensity factor. K c and K E are the strain intensity factor and electric field intensity factor. c y 1 p and E y 1 p are the stain and electric field.
Substituting the singular part of s y 1 p ðx 1 ; 0Þ into Eq. (29) gives (Li and Lee, 2008b) K s ðaÞ ¼ ffiffiffiffiffiffiffiffi
Because c y 1 p ¼ w p;y 1 and E y 1 p ¼ À/ p;y 1 , it can be found from Eqs. (29), (30), (3) and (4) that
where M ¼ c p44 Àe p15 e p15 e p11 ! . Finally, the energy release rates can be expressed as (Park and Sun, 1995; Wang and Mai, 2004; Li and Lee, 2008c,d) 
where G t is the total energy release rate (TERR) and G m is the mechanical strain energy release rate (MSERR). 
Numerical results and discussion
First of all, let us compare the present results with a known solution for a special case to validate the numerical computation. Murakami (1987) gave the exact solution for the stress intensity factor of a center anti-plane crack in an elastic strip shown in Fig. 2 ,
Assume that h = p/2, h 0 + a 0 = h p /2, h e = 0, h p = 2w 0 , e p11 = 0, e p15 = 0 and s yp (x,0) = 0, then the problem illustrated in Fig. 1 becomes identical to that shown in Fig. 2 . The numerical solution of the present work is compared with the exact solution of Murakami (1987) in Fig. 3 , where the stress intensity factor is normalized as K s =ðs 0 ffiffiffiffiffiffiffiffi pa 0 p Þ. It is confirmed that the present numerical result agrees well with the exact solution.
After the verification of the present numerical computation, let us continue to study the effect of the imperfect interface. In the following calculation, it is assumed that the piezoelectric strip of the sensor is the PZT-5H ceramic and its material properties are (Hu et al., 2005) (Li and Lee, 2008a) . In the numerical results, the interface parameters are normalized as
In order to reveal the effect of the imperfect interface on the crack, only the energy release rates of crack tip-a are given in Figs. 4-9.
Shielding and anti-shielding effects
When the crack tip-a locates very near to the interface (i.e., h 0 / a 0 = 0.125), the variations of the energy release rates vs. the interface parameters are shown in Figs. 4 and 5. Both shielding and antishielding effects of the imperfect interface are revealed by these two figures. When the inclined angle is relatively small (e.g., h = 0), the energy release rate decreases with the interface parameters increasing, i.e., crack tip-a is shielded by the imperfect interface. However, when the inclined angle is relatively large (e.g., h = p/2), the energy release rate increases with the interface parameters increasing, i.e., the imperfect interface anti-shields crack tip-a. In addition, comparison between Figs. 4 and 5 indicates that the shielding and anti-shielding effects of a 1 (i.e., the mechanical imperfection) are more remarkable than those of a 2 (i.e., the dielectric imperfection).
The affected ranges
Obviously, it is of significance to determine the affected ranges of the imperfect interface, including the affected ranges in the inclined angle and the position of crack tip-a.
Angle ranges
The variations of the energy release rates vs. the inclined angle are shown in Figs. 6 and 7, from where the affected angle ranges can be observed. When 0 6 h 6 0.1p, the imperfect interface may shield crack tip-a, however, when 0.2p 6 h 6 0.5p, crack tip-a may be anti-shielded by the imperfect interface. When 0.1p < h < 0.2p, the effect of the imperfect interface is not so remarkable. Particularly, the shielding effect and the anti-shielding effect cancel each other out when h ffi 0.13p.
Position ranges
The variations of the energy release rates vs. the position of crack tip-a are shown in Figs. 8 and 9 , which gives the crack position ranges affected by the imperfect interface. When 0 < h 0 6 2.0a 0 , the imperfect interface may affect the crack tip-a, shielding or anti-shielding depending on the inclined angle of the crack. When h 0 > 2.0a 0 , the shielding or anti-shielding effect becomes negligible.
Conclusions
Fracture analysis is performed for a layered piezoelectric sensor by the methods of Fourier integral transform and Cauchy singular integral equation. Parametric studies on the numerical results of energy release rate indicate that (a) The imperfect interface may shield or anti-shield a crack tip in its vicinity, depending on the inclined angle of the crack. When the inclined angle is less than 0.1p, the imperfect interface may shield the crack, however, when it is larger than 0.2p, the crack may be anti-shielded. (b) When the distance between a crack tip and the imperfect interface is less than two times of the crack length, the shielding or anti-shielding effect is remarkable, and otherwise it is negligible. (c) Crack tip shielding and anti-shielding effects of the mechanical imperfection are more remarkable than those of the dielectric imperfection.
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